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Executive Summary 

This report presents the results of a follow-up to the pilot bioavailability study of Midland and 
Tittabawassee River floodplain soils (Exponent 2005).  The objective of this follow-up study 
was to repeat the pilot oral bioavailability study in rats, with study design modifications 
structured to allow an assessment of the possible impact of observed differential enzyme 
induction on the estimation of relative bioavailability of selected dioxins and furans of 
importance from a soil sample from the Tittabawassee River floodplain.  This follow-up was 
motivated by the findings of the pilot study, which showed: 

1. Statistically significant differences between RBA estimates derived from rats 
compared to swine, and 

2. A markedly higher RBA estimate for TCDF than for the other congeners.   
 
These differences were hypothesized to be due to the observed differential induction of hepatic 
EROD activity (a marker for CYP1A1 induction) between the rats dosed with soils and their 
respective dose-matched reference groups (matched on an administered dose basis), with higher 
enzyme activity observed in the reference-group rats compared to the rats in the respective soil 
groups.  CYP1A1 is directly involved in the metabolism of TCDF, and its role in the 
metabolism of other furan congeners was unknown. 

This follow-up study was conducted with the same floodplain soil sample as used in the pilot 
study (Table 1) and multiple oil reference groups, with administered doses of the five furan 
congeners that contribute most to the soil TEQ matched to 0.2, 0.5, and 0.8 times the 
administered dose in soil.  The range of oil reference doses was selected with the goal of 
matching hepatic TEQ (i.e., the absorbed dose) and EROD activity between at least one oil 
reference group and the soil group.  The test materials were administered daily to rats for 30 
days, and at the end of the study, the fraction of the total administered dose of each congener 
remaining in the liver and adipose tissue of each study animal was quantified.   

The specific research objectives of this study were to: 

1. Evaluate hepatic EROD and MROD activity as a function of hepatic TEQ 
concentration in the tested dose range 

2. Assess any dose dependency of the elimination rate for each congener by 
examining the fraction of administered dose retained across dose rates and as 
a function of EROD activity, MROD activity, and hepatic TEQ concentration 

3. Base a revised RBA calculation on the oil reference group(s) that match the 
soil group on hepatic TEQ and EROD activity, and compare the results to the 
original pilot-study results for rats and swine. 
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The results of the follow-up study demonstrated: 

1. A clear relationship between hepatic TEQ and both EROD and MROD 
activity in the liver of the study animals, although the effect of hepatic TEQ 
on EROD activity was stronger 

2. A clear impact of both hepatic TEQ concentration on the fraction of 
administered dose retained in the animal tissues for four of the five 
compounds, and a strong effect of and hepatic EROD (but not MROD) 
activity on the retention of TCDF, but not the other compounds. 

 
These findings indicate that calculation of relative bioavailability of compounds in the soil, 
compared to the same compounds administered in corn oil, requires the use of an oil reference 
group that is matched both on hepatic TEQ and on hepatic EROD activity.  In this study, the oil 
reference groups given doses of 0.5 and 0.8 times that in the soil group provided adequate 
comparison groups for calculation of RBA. 

Based on those oil reference groups, the RBA of each of the five predominant floodplain furan 
congeners was estimated.  The estimated RBAs for all five congeners were between 55% and 
65%, with a TEQ-weighted RBA estimate of 58% to 60% for the floodplain soil compared to 
the oil reference groups with matched hepatic TEQ and EROD activity.  In comparison with the 
results of the pilot study:   

• The RBA estimates were similar to those obtained in rats in the pilot-study 
phase for all congeners except TCDF.  The marked elevation of apparent 
RBA of TCDF, compared to the other furan congeners, observed in the pilot 
study was not observed when the hepatic TEQ and EROD activity were 
matched between the oil reference group and the soil group. 

• The RBA estimates obtained in the follow-up study using rats remained 
statistically significantly higher than those obtained using swine during the 
pilot study.  The difference in RBA estimates between species may represent 
differences due to the mode of soil administration (soil mixed with feed in the 
rats vs. administration of soil in wrapped in dough balls for the swine) or may 
represent true species differences in bioavailability of the furan compounds in 
this soil. 

 
The pilot study and the follow-up study were undertaken to demonstrate and test a methodology 
to evaluate relative bioavailability of dioxin and furan congeners in soils containing mixed 
dioxin and furan congeners.  Based on the results of these two studies, it does appear possible to 
use the mass-balance approach envisioned here to assess the bioavailability of soils with these 
compounds in the concentration range relevant to the Midland and Tittabawassee River 
floodplain soil contamination.  However, the follow-up study in rats demonstrated clear 
relationships between the elimination rate of four of the five tested congeners and hepatic TEQ 
and EROD activity in the tested dose ranges.  Any further studies should take steps to match the 
reference and soil groups on these parameters, probably by using a range of oil reference dose 
groups at fractions of the total soil dose, as demonstrated in the follow-up study.   
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Another key conclusion is that there appear to be true species differences in relative oral 
bioavailability between rats and swine.  Such species differences have been observed for other 
classes of compounds in soil.  The relevant question is which species provides a more 
representative model of the human gastrointestinal tract, but an assessment of this question is 
beyond the scope of this report. 

If further bioavailability testing of soils is conducted, several additional minor modifications to 
the study protocol could be made to provide additional relevant information or to reduce costs: 

1. Consider addition of hepatic CYP1A2 protein determination.  Hepatic 
sequestration of the furan congeners was dose-related, even over the 
relatively narrow dose range used in this study, and may indicate some 
induction of CYP1A2 protein, even though the changes in MROD activity 
observed in this study were very slight. 

2. Use composite tissue samples from within each oil reference group to obtain 
a single hepatic and adipose tissue sample for HR/GC-MS analysis for each 
group.  The variability in tissue concentrations within these groups was 
consistent and relatively minor between the pilot and follow-up study, and 
continued use of individual tissue analyses among animals in these dose 
groups is probably unnecessary. 

3. Consider analysis only for a single furan congener from the floodplain soils.  
Use of the range of oil reference doses and resulting matching on hepatic 
TEQ and EROD activity produced very consistent bioavailability estimates 
across congeners.  If only a single furan congener (probably 4-PeCDF) were 
used as a marker for bioavailability, this would reduce analytical costs but 
would still provide a reasonable surrogate for the other furan congeners.   
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Introduction 

The objective of this follow-up study was to repeat the pilot rat oral bioavailability study 
(Exponent 2005), with certain study design modifications (Appendix A).  These modifications 
are structured to allow an assessment of the possible impact of differential enzyme induction on 
the estimation of relative bioavailability of selected dioxins and furans of importance from a soil 
sample from the Tittabawassee River floodplain.  This follow-up was motivated by the findings 
of the pilot study that showed statistically significant differences in hepatic ethoxyresorufin O-
deethylase (EROD) activity (a marker for cytochrome P450 1A1 induction) between the rats 
dosed with soils and their respective reference groups (congener-matched administered doses), 
with higher enzyme activity observed in the reference-group rats compared to the rats in the 
respective soil groups.   

The observed differences in EROD activity were likely due to a difference in absorbed dose of 
dioxin and furan (PCDD/F) compounds, which led to statistically significantly different hepatic 
TEQ concentrations.  The higher EROD activity in the reference groups compared to the soil 
groups was likely due to higher liver TEQ concentrations achieved in the reference groups due 
to higher absorbed doses of PCDD/Fs, and the resulting increased hepatic EROD activity. 

CYP1A1 is responsible for the metabolism of 2,3,7,8-TCDF in rats (Tai et al. 1993), and 
induction of CYP1A1 has been shown to strongly increase the hepatic metabolism rate for 
TCDF in rats (McKinley et al. 1993; Olson et al. 1994).  4-PeCDF also can induce its own 
metabolism due to induction of CYP1A enzymes (Brewster and Birnbaum 1987).  Other 
compounds, including TCDD and 1-PeCDF, show decreased retention of administered dose 
with increasing dose in subchronic studies, suggesting autoinduction of metabolism, although 
the specific metabolic pathways have not been identified (DeVito et al. 1998; Diliberto et al. 
2001; Jackson et al. 1998).  The metabolic pathways for the other compounds that contribute 
substantially to the total TEQ in the Midland and Tittabawassee River floodplain soils have not 
been examined to date but may be influenced by CYP1A1 induction.  Distribution and retention 
of PCDD/F congeners can also be influenced by induction of hepatic CYP1A2 protein, which 
acts as a binding protein for these congeners (Diliberto et al. 1999). 

Because the method used to estimate relative bioavailability in this study relies on an 
assumption that the elimination rate (including elimination through metabolism and other 
clearance mechanisms) for each compound is the same in the soil and oil reference groups, 
demonstrated statistically significant differences in EROD activity (a marker for CYP1A1) 
among the groups may result in invalid estimates of relative bioavailability for any congener for 
which metabolism is mediated by CYP1A1.  In the pilot study, estimates of relative 
bioavailability for many of the compounds in the study were statistically significantly different 
between the rats and the swine.  The rats displayed different EROD activities in the soil and 
reference groups (while the swine did not); therefore, this factor may account for some of the 
observed differences in apparent relative bioavailability between the two species.  Other factors 
related to differing tissue concentrations, including differential rates of passive elimination at 
different liver or body concentrations, could also confound the interpretation of the initial pilot 
study results.  Therefore, the goal of this effort was to match absorbed doses (as opposed to 



c:\documents and settings\cushingc\my 
documents\1636_c\follow_up_study\follow-up_report_final.doc 

June 12, 2006 
 
 

8601636.005 0301 0606 CC06 2

administered doses) of congeners for which inducible metabolism may be affecting the 
interpretation of the results from the pilot study.  Dose levels for the oil reference groups were 
selected so as to ‘bracket’ the likely absorbed dose from soil. 

This follow-up study was conducted with the same floodplain soil sample that was used in the 
pilot study (Table 1) and multiple oil reference groups, with administered doses of the five furan 
congeners that contribute most to the soil TEQ matched to 0.2, 0.5, and 0.8 times the 
administered dose in soil.  The range of oil reference doses was selected with the goal of 
matching hepatic TEQ and EROD activity between at least one oil reference group and the soil 
group.  This approach was used to address the following research objectives: 

1. Evaluate EROD/MROD activity as a function of hepatic TEQ.  EROD and 
methoxyresorufin O-deethylase (MROD) activities for all individual animals 
and dose groups will be plotted versus hepatic TEQ concentration.  The 
hepatic concentration-response curves for EROD and MROD activity will be 
characterized.  The oil reference group(s) that provide the closest match to 
the hepatic TEQ, EROD, and MROD activity of the soil group will be 
identified.  

2. Assess any dose dependency of elimination rate by congener.  Liver and 
adipose tissue concentration data from each animal in each of the three oil 
reference groups will be analyzed to estimate the fraction of total 
administered dose retained in the tissues at the end of the 30-day dosing 
period for each of the five target congeners.  If there is no dose dependence 
of elimination rate for a given congener, the fraction of administered dose 
retained should be similar among all oil reference groups regardless of 
administered dose.  If the fraction of administered dose retained decreases or 
increases with increasing administered dose, this would provide evidence that 
the elimination rate of this congener is dose dependent in the range of doses 
examined. 

3. Calculate RBA for the congeners in soil based on matched hepatic TEQ and 
EROD activity.  The relative bioavailability of the congeners in soil will be 
estimated using the same calculation procedures outlined in the pilot-study 
report.  However, these calculations will be presented based only on the one 
or two oil reference group(s) with hepatic TEQ and EROD activities that are 
most similar to those of the soil group, as identified in step 1 above.  The 
results will be compared to those obtained in the original pilot study for both 
rats and swine, to evaluate the consistency of results between trials and to 
assess whether the estimates based on rat as the experimental model, once 
adjusted for enzyme induction, become more consistent with the results 
obtained using swine.   
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Methods and Materials 

In general, the methods used in this study are similar to those in the pilot study (Exponent 
2005), with modifications as described in Appendix A.  These methods are described below. 

Dose Preparation and Administration 

The test soil (sample THT02769, <250-µm size fraction) was blended with PMI Nutrition 
International, Rodent LabDiet® 5001 (meal) (5% w/w) at WIL Research Laboratories, Inc. 
(WIL) in Ashland, Ohio.  The WIL report describing the diet blending is provided in Appendix 
B, and results for concentrations of PCDD/Fs in the Rodent LabDiet® batch used in this study 
are provided in Table 2.  To accomplish the blending of soil into the rat diet, soil (250 g) and 
diet (1,000 g) were blended in a Hobart mixer for 5 minutes to create a diet pre-mixture.  The 
pre-mixture was then blended with 3,750 g of diet in a V-blender to create the final 5,000-g diet 
batch.  Diet homogeneity samples (100 g) were collected from the initial, middle, and final 
material that emerged from the V-blender; these samples were sent to Alta for analysis of 
PCDD/F concentrations.  Results for the pre-dosing soil/diet mixture (Table 3) show that the 
five most important congeners were recovered with coefficients of variability (CVs) ranging 
from 6.7% to 11%.  These measurements of blended diet PCDD/F concentrations and 
homogeneity were considered acceptable to proceed with the study. 

The three gavage reference materials for the rat study were prepared in corn oil/acetone (99:1), 
and were designed to deliver dioxin/furan doses that would achieve administered daily doses 
equal to 0.2, 0.5, and 0.8 times the administered doses in the soil/feed mixture.  To create these 
reference mixtures, the five dioxin/furan congeners that contribute most to TEQ in the soil 
sample were spiked into acetone (10 mL), and the concentrations of the five congeners in the 
spiked acetone were measured to confirm that analytical concentrations were close to target 
concentrations.  Subsequently, 4 mL of this acetone was added to 396 mL of corn oil (Spectrum 
Chemicals & Laboratory Products, National Formulary [NF] grade; analysis of the corn oil 
indicated negligible dioxin/furan concentrations [Table 2]).  The three corn-oil/acetone 
reference materials were then assayed for concentrations of the five target congeners (Table 4).  
Relative percent differences (RPDs) between target and pre-dosing measured concentrations 
ranged from 0.9% to 14%.  These results were considered acceptable for use in the study.  The 
gavage reference mixtures were stored in amber glass bottles sealed with Teflon-lined lids, and 
were used within 60 days of preparation. 

Animal Handling and Dosing 

Animal handling and dosing during the rat follow-up study were performed as described in the 
pilot study report (Exponent 2005), with modifications as described in the follow-up study 
design document (see Appendix A), a brief summary of which follows. 
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Thirty-eight 4-month-old female Sprague-Dawley rats, weighing between 250 and 290 g, were 
obtained from Harlan (Indianapolis, Indiana) and placed in individual stainless-steel cages.  
Each rat was weighed two days after arrival (Day –5) (during the quarantine period) and on 
Day 1 of the dosing period, and then weekly until study termination.  The rats were provided 
with PMI Nutrition International Rodent LabDiet® 5001 (meal) and de-ionized water ad libitum 
during the one-week quarantine period, and their health status was monitored.  All LabDiet® 
5001 fed to the rats (including during the quarantine period and to the oil reference groups 
during the dosing period) was from the same batch of LabDiet® 5001 that was used by WIL 
Research to prepare the blended rat diets (Table 2).  Five days prior to the start of dosing, 
healthy animals were assigned randomly to six dose groups (five rats/group for animals not 
being gavaged; seven rats/group for animals being gavaged; dose groups are identified in 
Table 5).  Based on gavage-related mortality observed in the pilot study, seven (rather than five) 
were included in each of the oil reference groups during the compound administration phase of 
the study, to ensure that at least five animals reach the conclusion of the 30-day dosing period.  
At the end of the administration period, five rats were selected at random from all surviving rats 
in each gavage group for tissue collection.   

During the 30-day dosing period, each rat received 50 g of feed every 2 days (clean feed for 
Groups 1–5, and feed/soil mixture for Group 6).  The weight of any unconsumed feed at the end 
of each 2-day period was measured, and an estimate was made of the weight of any spilled feed.  
Dose groups 2–5 were gavaged daily with 1 mL of the corn-oil (for Group 2) or corn-oil/acetone 
reference mixtures (for Groups 3–5). 

Twenty-four hours after the last dose was administered, the rats were weighed and terminated 
under CO2 anesthesia.  Their livers were excised, blotted dry, weighed, and wrapped in foil.  
The liver samples for the EROD and MROD assays were collected (1-g samples) from the livers 
of each rat.  The sample was minced, placed in a 2-mL cryovial, immediately frozen in liquid 
nitrogen, and sent to Entrix for analysis.  The remainder of the liver tissue was then frozen and 
shipped to Alta for the analytical work.  For Groups 2–6, analyses were performed on each 
individual liver sample.  For the control groups 1 and 2, a composite liver sample was created 
for analysis by compositing equal amounts of liver sample from each of the five animals in the 
group.  As much fatty tissue as possible (3–6 g) was collected from within the abdominal cavity 
of each rat, weighed, and wrapped in foil.  The fat samples were frozen and shipped to Alta for 
the analytical work.  For the control groups 1 and 2, a composite adipose sample was created for 
analysis by compositing equal amounts of fatty tissue from each of the five animals within the 
group.   

A 75-g post-dosing subsample of the blended rodent diet was collected and shipped to Alta for 
analysis of dioxins/furans, to evaluate the stability of the blended diet during the 30-day dosing 
period, and to confirm the doses of dioxins/furans delivered to the rats (Table 3).  The CV 
among congener concentrations in all four samples of the blended rodent diet (three pre-dosing 
and one post-dosing) was no greater than 13% for any congener detected above the lower 
calibration limit, indicating that the diet was stable during the study.  In addition, the gavage 
reference mixtures were shipped to Alta for post-dosing analysis (Table 4).  The CV between 
congener concentrations in the pre- and post-dosing gavage reference mixtures was no greater 
than 17%, with nearly all below 10%, indicating that the reference mixtures were also stable 
during the study period.   
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Two rats, #25 (Group 2) and #52 (Group 5), did not complete the 30-day dosing period.  These 
were sacrificed before study completion because of poor feed intake.  On necropsy, they were 
diagnosed as having aspiration pneumonia.  An additional six rats were randomly excluded from 
the group of animals used for tissue collection, as described above. 

Rat carcasses from the follow-up study were wrapped in foil, placed in individual labeled 
zipper-sealed freezer bags, and archived (–80 °C) for possible further analysis.   

Tissue Sample Homogenization and Analysis for EROD/MROD 
Activity and PCDD/F Concentrations 

At Entrix, liver microsomes were prepared from each liver sample, and the protein levels and 
enzymatic activities were measured according to the MSU Standard Operating Procedure (SOP) 
No. 250 (v 1.1), titled Protocol for Liver Microsome Preparation, and Microsomal Protein 
Measurement and AROD Assays in the same 96-Well Plate.  EROD/MROD activities and 
protein concentrations were measured fluorometrically at the end of the assay, using a Cytofluor 
multiplate reader (Appendix C). 

At Alta, the rat liver samples were homogenized using a Cuisinart mini-prep processor.  The 
processor was run on the “high” setting until the sample was liquefied (for the liver samples) or 
thoroughly homogenized (for the fat samples).  The sample was then poured into separate 
40-mL amber glass VOA vials for extraction.  After homogenization of each sample, all parts of 
the processor that were in contact with sample material were washed with soap and hot water, 
rinsed with de-ionized water, and then rinsed with ultra-high-purity solvents (hexane followed 
by dichloromethane). 

The rat fat samples were homogenized with a Sumeet Multi-Grind Model 964, which is a small-
volume grinder that is suitable for small sample sizes.  Samples were collected directly from the 
grinder into labeled amber glass jars.  Between samples, all stainless-steel parts of the grinder 
that were in contact with sample material were washed with soap and hot water, rinsed with de-
ionized water, and then serially rinsed with ultra-high-purity solvents (acetone, toluene, hexane, 
and dichloromethane).  The polycarbonate grinder lid was washed with soap and hot water, 
rinsed with de-ionized water, and then serially rinsed with ultra-high-purity methanol followed 
by hexane. 

Subsamples of the liver and fat homogenates were extracted in methylene chloride/hexane and 
analyzed for lipid content (EPA Method 1613), and PCDD/F concentrations by HR-GC/MS 
(EPA Method 1613). 

Data Analysis 

The EROD and MROD activities were analyzed as follows: 

• The hepatic TEQ concentrations and levels of EROD and MROD activity 
among dosing groups were compared using an analysis of variance (ANOVA) 
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followed by Dunnett’s multiple comparison test at an overall 95% confidence 
level, to identify the oil reference group or groups with hepatic TEQ and 
EROD and MROD activities that are not statistically significantly different 
from those of the soil group. 

• The relationship between measured EROD and MROD activity and hepatic 
TEQ concentration among all experimental animals was assessed using linear 
regression to evaluate whether a statistically significant relationship between 
enzyme activity and hepatic TEQ was present. 

 
The mass of each congener retained at the end of 30 days in the liver and adipose tissue in each 
animal was estimated by multiplying the tissue concentration by the measured organ weight 
(liver) or the estimated adipose tissue weight (estimated as a function of body weight at sacrifice 
using the method of Bailey et al. 1980, as reported by Brown et al. 1997).  This estimated 
retained mass was compared to the total administered dose over 30 days to obtain the fraction of 
total administered dose retained by each animal at the end of 30 days.  

The fraction of administered dose retained for each congener was evaluated for all individual 
animals across oil reference groups using multivariate linear regression (least squares) to 
identify any relationship between fraction retained and hepatic TEQ concentration, EROD 
activity, or MROD activity.  Among the oil reference-treated animals, a statistically significant 
relationship between the fraction of any specific congener retained and the enzyme activity or 
hepatic TEQ concentration would indicate a dependency of elimination rate on that parameter 
for that congener. 

Estimation of Relative Bioavailability 

Relative bioavailability was estimated by comparing the fraction of administered dose retained 
in the tissues of animals in the groups dosed with soil with the fraction of administered dose 
retained by animals given a reference corn-oil solution, similar to the method used by Wittsiepe 
et al. (2004).  The mathematical basis for the calculation is described in detail in the Exponent 
(2005) report on the pilot bioavailability study.  As described in that report, this method relies 
on two key assumptions:   

1. Elimination rates of the study congeners would be the same between the soil 
and oil reference groups, and  

2. The majority of retained administered dose would be distributed in liver and 
adipose tissues, and the proportion of retained dose distributed to tissues 
other than liver and adipose would not be different in soil-dosed groups 
compared to oil reference-dosed groups. 

 
If these two assumptions hold, the relative bioavailability of each congener in the soil group can 
be estimated by comparing the fraction of administered dose of that congener in the soil group 
(FRsoil) to the comparable fraction retained in the oil reference group (FRref): 
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ref

soil

FR
FR

RBA =      (Eq. 1) 

Because of the differential hepatic EROD activity among experimental groups observed in the 
pilot study (Exponent 2005), the methods in this follow-up study were modified to use multiple 
oil reference dosing groups at varying fractions of the administered soil dose, as described 
above, resulting in at least one oil reference group with hepatic EROD activity and TEQ 
concentrations not significantly different from the soil group.  Relative bioavailability of the 
congeners of interest in the soil was assessed by comparing the fraction retained between the 
soil group and the oil reference group or groups with the best-matched EROD activity and 
hepatic TEQ concentration.  A TEQ-weighted estimate of relative bioavailability for the soil 
sample was estimated by weighting the individual congener bioavailability estimates by their 
respective percent contribution to the TEQ concentration of the soil sample. 
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Results 

At the end of the administration period, five rats were selected at random from all surviving rats 
in each oil reference group for tissue collection.  Tissue was collected from all five rats in the 
soil group and feed control group.  As discussed in the Animal Handling and Dosing section, 
two rats from the oil reference groups (one each from Groups 2 and 5) were sacrificed before 
the end of the study because their feed intake had dropped significantly.  Results from the rats 
that were sacrificed early or were randomly excluded were not included in the data analysis 
discussed below.  Detailed study data are presented in Appendix D. 

Feed Intake 

Details of feed intake for all groups are presented in Table D-1, and the feed intake is illustrated 
in Figure 1.  The mean daily feed intake for all dosing groups was approximately 15 g/day.  The 
mean daily feed intake for the Tittabawassee River soil group was 18 g/day (Group 6), and was 
17 g/day for the feed control group.  The oil control and one of the oil reference groups 
(Groups 2 and 3) had a mean intake of 13 g/day, and the other two oil reference groups (Groups 
4 and 5) had a mean intake of 14 g/day.  The lower feed consumption in the oil reference groups 
compared to the soil and control feed groups is consistent with the expectation that these groups 
might consume less feed due to caloric intake from the oil gavage vehicle (9 kcal per g, or about 
8 kcal per mL; USDA National Nutrient Database for Standard Reference, Release 17, 2004).  
This is approximately 15% of the caloric intake from feed observed in the soil groups, so the 
lower feed intake in the oil reference groups is consistent with an adjustment of feed intake by 
the animals, reflecting the caloric intake from corn-oil gavage. 

The oil reference doses were prepared assuming that the rats in the soil group (Group 6) would 
consume 18 g/day, based on the pilot study results, so the observed daily feed intake matched 
what was anticipated.  These intakes are somewhat lower than the 23 g/day that has been 
reported previously in the literature (Freeman et al. 1992).   

Body and Liver Weights 

Rat body weights for all six dosing groups averaged 268 g at study initiation (study day –5), and 
280 g at study termination (Figure 2; detailed data for all animals are presented in Table D-2), a 
gain of 4% over the 30-day study period.  This weight gain reflects the fact that female Sprague-
Dawley rats have already reached adult body weight at 4 months of age.  Rat liver weights at 
study termination ranged from 8.1 to 12.2 g (average of 9.6 g) over all dosing groups, which is 
approximately 3.4% of body weight (Table D-3).   
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Administered Doses 

The average daily doses of compounds in each group are summarized in Table 6.  As was 
intended, the administered dose was the highest for the soil group (Group 6), with a total mean 
TEQ dose of 2.1 ng/kg/day.  The administered doses for the oil reference groups closely 
matched the proportional target doses, with mean TEQ doses that were 21%, 51%, and 83% of 
the dose to Group 6 for Groups 3, 4, and 5, respectively.   

PCDD/F Tissue Concentrations  

Hepatic and adipose TEQ concentrations by dose group are summarized in Table 7.  
Concentrations of specific congeners of interest in liver and adipose tissues for each rat in the 
oil reference and soil dose groups are reported in Table D-4.  Tissue concentrations of the 
congeners of interest were all above detection limits and were also greater than the instrument 
calibration limits in nearly all samples from the oil reference and soil groups.  The 
concentrations of PCDD/F congeners in composited samples of hepatic and adipose tissue from 
the feed and oil control groups were uniformly low (Table D-5).  The hepatic TEQ 
concentration of the soil group was intermediate between the concentrations attained in the 0.5X 
and 0.8X oil reference groups, and was statistically significantly different from both of these 
groups. 

EROD and MROD Activity 

Mean EROD and MROD activities in rat liver tissue from all dose groups are reported in 
Table 8 and plotted in Figures 3 and 4, and the complete data set is presented in Tables D-6 and 
D-7.  Both EROD and MROD displayed statistically significant increasing trends with 
increasing hepatic TEQ concentration, although the increase in MROD activity was much 
weaker than that seen for EROD activity (Figures 5 and 6).  Mean MROD activities did not 
differ significantly among the oil reference groups and the soil group.  However, there were 
statistically significant differences in mean EROD activity among the oil reference groups.  The 
EROD activity in the soil group was statistically greater than that in the 0.2X and 0.5X oil 
reference groups (Groups 3 and 4), but was similar to that in the 0.8X oil reference group 
(Group 5). 

Fraction of Administered Dose Retained in Oil Reference 
Groups, by Congener 

Figure 7 illustrates the fraction of administered dose present in liver and adipose tissues, and in 
the summed tissues, for all non-control dose groups.  A larger proportion of administered dose 
was retained in liver than in adipose tissue for all dose groups for four of the five congeners of 
interest (Figures 7 and 8).  For 2,3,7,8-TCDF, the fraction retained in adipose tissue was slightly 
higher in two dose groups (Groups 3 and 4), equal in the soil group (Group 6), and in one group, 
the fraction retained in liver was higher than the fraction retained in adipose tissue (Group 5).  



c:\documents and settings\cushingc\my 
documents\1636_c\follow_up_study\follow-up_report_final.doc 

June 12, 2006 
 
 

8601636.005 0301 0606 CC06 10

The coefficient of variability among individual animals within each group was generally less 
than 15%. 

The results of linear regressions across the three oil reference groups for fraction of 
administered dose retained (liver plus adipose burden) as a function of hepatic TEQ, EROD 
activity, and MROD activity are presented in Table 9 and illustrated in Figure 9.  The fraction of 
TCDF retained was strongly and inversely related to hepatic EROD activity, with a weaker but 
statistically significant negative relationship to hepatic TEQ concentration.  For three 
congeners—4-PeCDF, 1,2,3,4,7,8-HxCDF, and 1,2,3,6,7,8-HxCDF—positive relationships 
were observed between hepatic TEQ and fraction retained.  No statistically significant 
relationship was observed between fraction of administered 1-PeCDF retained and either 
enzyme activity or hepatic TEQ concentration.   

The results for TCDF are consistent with the hypothesis underlying this study, that the 
elimination rate for TCDF is dose-dependent due to induction of hepatic CYP1A1 activity with 
resulting increased elimination (and concomitant decreased retention) of this compound.  The 
results for the three congeners that demonstrate positive relationships between hepatic TEQ and 
retained fraction of administered dose may be due to binding to induced CYP1A2 protein.  
4-PeCDF and the higher chlorinated furans bind strongly to CYP1A2 protein (Diliberto et al. 
1999).  Although MROD activity was not statistically significantly different among most dose 
groups, it did demonstrate a statistically significant positive trend with increasing hepatic TEQ, 
indicating that some induction of CYP1A2 protein and activity was occurring.  This protein 
induction may have been sufficient to increase the hepatic sequestration (and therefore the 
fraction of administered dose retained) of 4-PeCDF and the two HxCDF congeners with 
increasing dose among the oil reference groups. 

RBA Estimates 

The results of the analysis of fraction retained as a function of hepatic TEQ and hepatic enzyme 
activity described above demonstrate that the elimination rates of four of the five tested 
congeners are affected by one or both of these parameters in the relevant dose range.  Thus, the 
estimate of RBA obtained will vary depending on which oil reference group is used as the 
comparison (see Table D-8 for estimates of RBA based on each of the three oil reference 
groups).  An accurate estimation of RBA for four of the five congeners requires comparing the 
retained fraction of administered dose between the soil group and an oil reference group 
matched on hepatic EROD activity and hepatic TEQ concentration.  As discussed above, hepatic 
EROD activity in the soil group (Group 6) was similar to that in the 0.8X oil reference group 
(Group 5).  Hepatic TEQ concentration in the soil group was intermediate between that 
observed in the 0.5X and 0.8X oil reference groups, and was statistically significantly different 
from both of these groups (see Table 7).  Table 10 presents RBA calculations using both the 
0.5X and 0.8X oil reference groups (Groups 4 and 5) as the basis for the calculations.  While the 
two reference groups result in somewhat different estimates for individual congeners, the overall 
TEQ-weighted estimates of RBA are similar, regardless of which group is used.   

Because the fractions of administered dose retained for four of the five tested congeners were 
significantly related to the hepatic TEQ concentration in the oil reference groups, the significant 
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differences between the soil and oil reference groups indicate that neither the 0.5X or the 0.8X 
groups (Groups 4 and 5) are accurate matches for the soil group.  The dose-response 
relationships for fraction retained reported in Table 9 could be used to predict the fraction 
retained for each congener following administration in corn oil at the hepatic TEQ concentration 
observed in the soil group.  These predicted values for fraction retained could then be used as 
the basis for a calculation of RBA at the matched hepatic TEQ concentration.  However, given 
the close agreement between the RBA estimates obtained based on the 0.5X and 0.8X oil 
reference groups (60% vs. 58%, respectively), with estimates that fall well within the range of 
the CVs for the method, this additional step is probably unnecessary.  
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Discussion 

The goals of this follow-up to the pilot bioavailability study were: 

1. Evaluate EROD and MROD activity as a function of hepatic TEQ 
concentration in the tested dose range 

2. Assess any dose-dependency of the elimination rate for each congener by 
examining the fraction of administered dose retained across dose rates 

3. Base a revised RBA calculation on oil reference group(s) that match the soil 
group on hepatic TEQ and EROD activity, and compare the results to the 
original pilot-study results for rats and swine. 

 
Observations regarding each of these goals based on results in the follow-up study are discussed 
below. 

Hepatic EROD/MROD Activities 

Hepatic EROD and MROD activity both demonstrated a positive, statistically significant dose-
response relationship among the three oil reference groups with increasing hepatic TEQ 
concentrations, but the trend was stronger for EROD activity, resulting in statistically significant 
differences in EROD activity among dose groups.  The dose group differences in MROD 
activity were not significant among the three oil reference groups. 

Dose Dependence of Fraction Retained, by Congener 

In this study, among the three oil reference groups with administered dose rates of 0.43, 1.1, and 
1.7 ng TEQ/kg bodyweight per day, the fraction of administered dose retained at the end of 30 
days was significantly affected by dose level for four of the five tested furan congeners.  While 
the retained fraction of administered dose of TCDF decreased with increasing hepatic TEQ and 
EROD activity, the retained fractions of administered doses of 4-PeCDF, 1,2,3,4,7,8-HxCDF, 
and 1,2,3,6,7,8-HxCDF increased with increasing hepatic TEQ but were not statistically related 
to hepatic EROD activity.  Thus, two different factors appear to be affecting the retention of 
administered dose: 

1. For TCDF, previous studies suggested that CYP1A1 induction would 
enhance metabolism and therefore decrease retention.  The results of this 
study are consistent with that hypothesis, and the fraction of administered 
TCDF retained at the end of 30 days was strongly dependent on hepatic 
EROD activity.  For other congeners, there are also previous data suggesting 
elevated elimination rates at elevated dose rates, but in this study no 
relationship between hepatic EROD activity and fraction retained was 
observed for the other four tested congeners in the dose range evaluated. 
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2. For 4-PeCDF and the two HxCDF congeners tested, the observed increase in 
the fraction of administered dose retained with increasing hepatic TEQ may 
be due to induction of hepatic CYP1A2 protein.  Although the trend in 
increasing MROD activity was relatively weak in the observed dose range, 
the increase in CYP1A2 protein may have been substantial enough to result 
in increased binding of these congeners to protein in the liver.  This is 
supported by the slight trend of decreasing fraction retained in adipose tissue 
for these congeners (Figure 7), resulting in strong dose-related increases in 
the liver:adipose concentration ratio among the oil reference groups 
(Figure 8). 

 

Calculation of RBA and Comparisons with Pilot-Study Results 

The results of the tests of trend in retained congener fractions indicate that the accuracy of any 
calculation of RBA for the soil congeners using the mass-balance method in this study depends 
on matches to two factors:  hepatic EROD activity and hepatic TEQ concentration.  As 
discussed above, the 0.8X oil reference group (Group 5) provided a good match to the soil 
group (Group 6) for hepatic EROD activity, while the hepatic TEQ concentration of the soil 
group was intermediate between the 0.5X and the 0.8X oil reference groups.  Thus, the RBA 
calculation can be made using each of these two oil reference groups or, as discussed above, 
using the interpolated fractions of congeners retained between these groups at the mean hepatic 
TEQ concentration of the soil group. 

The estimated RBAs obtained in this follow-up study can be assessed in comparison to the 
results from the pilot study.  Figure 10 presents the RBA estimates for the tested floodplain 
congeners obtained in rats in both the pilot and follow-up studies.  Several observations can be 
made based on these estimates: 

• The RBA estimate for TCDF in rats was affected substantially when the 
reference group was matched on hepatic EROD activity or hepatic TEQ, as in 
the follow-up study.  The estimates derived for TCDF in the follow-up study 
are now similar to the estimates obtained for the other four congeners tested, 
which ranged from 54% to 67%. 

• The RBA estimates for rats for the remaining tested furan congeners were 
reasonably similar between the pilot and follow-up studies.  Although the 
choice of reference group influenced the RBA estimates for three of the other 
(non-TCDF) congeners, the new estimates are generally within one standard 
deviation of the original estimate from the pilot study. 

 
Figure 11 presents the estimated RBAs by congener based on rats in the follow-up study and 
based on swine from the pilot study.  The RBA estimates obtained in the follow-up study for all 
tested congeners based on rats are still significantly different from those obtained using swine as 
the experimental model in the pilot study. 
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Table 11 presents the TEQ-weighted estimates of relative bioavailability for both species from 
the pilot study and from rats in the follow-up study, as well as estimates of absolute 
bioavailability calculated assuming that absolute oral bioavailability of all congeners in corn oil 
is 80%.  This assumption is probably reasonable for the tetra- and penta- chlorinated congeners.  
However, experimental data on dioxin congeners suggest that more highly chlorinated 
congeners may have somewhat lower absolute bioavailability from corn oil, with octa-
chlorinated congeners having very low absolute bioavailability from oil vehicles (less than 15%) 
(see data summarized in Table 1-1 of U.S. EPA 2003).  The magnitude of change in the overall 
TEQ-weighted RBA estimate in rats for the floodplain soil sample is small.  The pilot study 
yielded a TEQ-weighted RBA of 63% vs. 58–60% in the follow-up study.  
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Conclusions and Recommendations  

Conclusions 

The follow-up study results demonstrate that: 

• The elimination rates of four of the five furan congeners tested are dose-
dependent, even in the relatively low-dose range tested here.  Thus, any 
future studies of bioavailability conducted using the mass-balance approach 
relied on in this study should incorporate design features to ensure matching 
between soil and reference groups on hepatic TEQ concentration and EROD 
activity.   

• Hepatic EROD induction itself cannot be used as a surrogate for estimating 
bioavailability.  For the mixture of congeners tested here, hepatic EROD 
activity in the soil group was similar to that in the oil reference group given 
80% of the same dose; however, on a mass-balance basis, the RBA was 
approximately 60% rather than 80%.   

• The results of this follow-up study do not change the conclusion of the pilot 
study that, for the floodplain soil sample tested, the rat model results in 
statistically significantly higher estimated RBA than the swine model.  This 
difference may be due to the mode of soil administration (soil mixed with 
feed in rats vs. soil samples wrapped in dough balls, with the dough balls 
prepared each day), or it may represent a true species difference in the 
gastrointestinal tract uptake of these compounds in soil.  The soil/feed 
mixture used in the rat study was mixed thoroughly several weeks ahead of 
the 30-day study period.  It is possible that prolonged contact between the 
soil and the relatively lipid-rich matrix of the feed could result in desorption 
of the contaminants into the feed, with resulting increase in apparent 
bioavailability from the soil.  Alternatively, the observed species differences 
could represent true species differences in the extraction of dioxins and 
furans from the soil.  Such differences are known for other types of 
compounds (for example, lead and other metals) (Weis and Lavelle 1991).  
Further experimentation and conclusions regarding the RBA of these 
compounds in humans should consider the comparative physiology of the rat 
and swine gastrointestinal tracts and the relative similarities and differences 
compared to human physiology (Kararli 1995; Miller and Ullrey 1987).  
However, a complete discussion of this issue is outside the scope of this 
report. 
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Study Design Recommendations 

If further bioavailability testing is conducted, several steps could be taken to refine the current 
study design somewhat and to reduce costs: 

1. Costs could be reduced by compositing tissue samples from all individual 
animals within each oil reference group for HR-GC/MS.  In both the pilot 
and the follow-up studies, the variability in fraction of administered dose 
retained among animals in each oil reference group was relatively low, with 
CVs in the range of 10%.  Compositing tissues in the oil reference groups 
would reduce analytical costs substantially, and the baseline data here that 
indicate CVs of approximately 10% within oil reference groups could be 
carried forward in estimation of CVs for the RBA calculations.  Quantitation 
of tissue concentrations in individual animals in tested soil groups could be 
retained. 

2. Quantitation of hepatic CYP1A2 protein could be added to help match soil 
and oil reference groups on CYP1A2 induction.  Protein determination is 
more sensitive than MROD activity for CYP1A2 protein induction, which 
appears to be related to hepatic sequestration (and increased retention) in the 
relevant dose ranges for some key congeners. 

3. Fairly consistent RBA estimates across congeners were obtained when 
hepatic EROD activity and TEQ concentration are matched between the soil 
and oil reference groups.  Given this, analytical costs could be reduced by 
selecting one congener for analysis and using this congener as a marker for 
overall bioavailability.  Individual congeners that dominate the TEQ should 
be considered for selection.  In floodplain soil samples, the two predominant 
congeners are 4-PeCDF (contributing approximately 50% of floodplain soil 
TEQ) and TCDF (approximately 25% of TEQ).  The RBA estimates for 
TCDF appear to be more sensitive to experimental factors than those for 4-
PeCDF.  Given this, and the dominance of 4-PeCDF in the soil TEQ, 4-
PeCDF could be used as a surrogate for the overall bioavailability of the 
furan contamination in the floodplain soils.  Use of a single congener as the 
target for HR-GC/MS analysis would reduce analytical costs by more than 
50%. 
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Figure 1.  Feed intake for the follow-up rat study
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Group 6: Soil
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Group 2: Oil Control
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Group 3: Oil Reference 0.2X
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Group 4: Oil Reference 0.5X
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Group 5: Oil Reference 0.8X
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Figure 2.  Body weights for the follow-up rat study
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Group 6: Soil
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Group 2: Oil Control
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Group 3: Oil Reference 0.2X
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Group 4: Oil Reference 0.5X
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Group 5: Oil Reference 0.8X
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Figure 3. EROD enzyme induction in the follow-up rat study
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Figure 4. MROD enzyme induction in the follow-up rat study
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Figure 7.  Distribution of administered doses in rat tissues
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Figure 10.  Comparison of RBAs (based on fraction retained in liver + adipose tissues) for rats between 
Figure 10.  pilot and follow-up studies
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Figure 11.  Comparison of RBAs (based on fraction retained in liver + adipose tissues) between 
Figure 11.  swine (pilot study) and rats (follow-up study)
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Table 1.  PCDD/F concentrations in triplicate samples of pilot study test soil (<250 µm) 

Sample Location: Tittabawassee River Flood Plain Soil (Imerman Park 2)
Sample ID: THT02769

Date: 7/8/2004
Tag Number: 57273 57274

WHO Concentration Concentration Concentration TEQ % of
Analyte TEF (pg/g) (pg/g) (pg/g) (pg/g) (%) (pg/g) TEQ

PCDDs/Fs
2,3,7,8-TCDD 1 4.70 4.90 4.77 4.79 2.1% 4.79 0.6%
1,2,3,7,8-PeCDD 1 5.36 J 4.87 5.16 5.13 4.8% 5.13 0.6%
1,2,3,4,7,8-HxCDD 0.1 4.30 J 2.92 U a 3.60 J 3.61 J 19% 0.361 0.04%
1,2,3,6,7,8-HxCDD 0.1 26.3 18.7 17.9 21.0 22% 2.10 0.2%
1,2,3,7,8,9-HxCDD 0.1 8.04 J 7.30 7.68 7.67 4.8% 0.767 0.09%
1,2,3,4,6,7,8-HpCDD 0.01 490 383 346 406 18% 4.06 0.5%
OCDD 0.0001 4,540 3,820 B 3,530 B 3,963 B 13% 0.396 0.05%
2,3,7,8-TCDF 0.1 2,550 E 1,950 1,950 2,150 16% 215 25%
1,2,3,7,8-PeCDF 0.05 1,320 965 943 1,076 20% 53.8 6.3%
2,3,4,7,8-PeCDF 0.5 1,060 808 780 883 17% 441 52%
1,2,3,4,7,8-HxCDF 0.1 869 654 635 719 18% 71.9 8.5%
1,2,3,6,7,8-HxCDF 0.1 196 D 151 D 144 D 164 D 17% 16.4 1.9%
2,3,4,6,7,8-HxCDF 0.1 112 88.0 85.9 95.3 15% 9.53 1.1%
1,2,3,7,8,9-HxCDF 0.1 171 121 119 137 22% 13.7 1.6%
1,2,3,4,6,7,8-HpCDF 0.01 842 670 657 D 723 14% 7.23 0.9%
1,2,3,4,7,8,9-HpCDF 0.01 83.6 60.5 60.8 68.3 19% 0.683 0.08%
OCDF 0.0001 1,530 1,160 1,100 1,263 18% 0.126 0.01%

TEQ (pg/g) 847

Other Parameters
Solids, Total (%) -- -- -- -- 98.9 -- -- --
pH (s.u.) -- -- -- -- 7.69 -- -- --
Carbon, Total Organic (%) -- -- -- -- 2.73 -- -- --

Grain Size (%)
Coarse sand (250 µm – 2 mm) -- -- -- -- 42.1 -- -- --
Fine sand (106 – 250 µm) -- -- -- -- 26.8 -- -- --
Very fine sand (75 – 106 µm) -- -- -- -- 8.78 -- -- --
Percent silt (4 – 75 µm) -- -- -- -- 21.4 -- -- --
Percent clay (< 4 µm) -- -- -- -- 0.86 -- -- --

Note:  These results are the same as those presented in the pilot study report.  The soil sample was not re-analyzed for the follow-up study.  
Note:  B  – This compound was also detected in the method blank.
Note:  D  – The amount reported is the maximum possible concentration due to possible chlorinated diphenylether
Note:  D  – interference.
Note:  E  – The amount detected is above the Upper Calibration Limit of the instrument.
Note:  J  – The amount detected is below the Lower Calibration Limit of the instrument.
Note:  U  – Not detected; value represents the sample-specific detection limit, unless noted otherwise.
Note:  TEQ – Toxicity Equivalence Concentration
Note:  WHO TEF – World Health Organization Toxicity Equivalence Factor 
Note:  Highlighting indicates the five congeners that contribute most to the total TEQ
Note:  If more than half of the results for a chemical were qualified with a B , D , E , or J , then the associated mean concentration 

was also qualified.

a Nondetect reported to the EMPC (Estimated Maximum Possible Concentration).

Mean 
Concentration

Coefficient 
of Variability

57275

Soil_FromPilot.xls TR_soil 6/8/2006 (2:04 PM)
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Table 2.  PCDD/F concentrations in Rodent Lab Diet 5001 and corn oil

Sample ID: Rodent Lab Diet 5001 Corn Oil (Spectrum Chemical)
Date: 2/24/2006 2/24/2006

WHO Concentration TEQ Concentration TEQ 
Analyte TEF (pg/g) (pg/g) (pg/mL) (pg/mL)

PCDDs/Fs
2,3,7,8-TCDD 1 0.0852 U 0.0852 0.599 U 0.599
1,2,3,7,8-PeCDD 1 0.0756 U 0.0756 0.569 U 0.569
1,2,3,4,7,8-HxCDD 0.1 0.0815 U 0.00815 1.07 U 0.107
1,2,3,6,7,8-HxCDD 0.1 0.0833 U 0.00833 1.03 U 0.103
1,2,3,7,8,9-HxCDD 0.1 0.0745 U a 0.00745 0.990 U 0.0990
1,2,3,4,6,7,8-HpCDD 0.01 0.850 J 0.00850 0.816 U 0.00816
OCDD 0.0001 10.2 B 0.00102 6.50 J 0.00065
2,3,7,8-TCDF 0.1 0.157 J 0.0157 0.834 U 0.0834
1,2,3,7,8-PeCDF 0.05 0.0861 U 0.00431 1.01 U 0.0505
2,3,4,7,8-PeCDF 0.5 0.0546 U a 0.0273 0.959 U 0.480
1,2,3,4,7,8-HxCDF 0.1 0.0281 U 0.00281 0.282 U 0.0282
1,2,3,6,7,8-HxCDF 0.1 0.0264 U 0.00264 0.254 U 0.0254
2,3,4,6,7,8-HxCDF 0.1 0.0290 U 0.00290 0.286 U 0.0286
1,2,3,7,8,9-HxCDF 0.1 0.0451 U 0.00451 0.436 U 0.0436
1,2,3,4,6,7,8-HpCDF 0.01 0.110 U 0.00110 0.400 U 0.00400
1,2,3,4,7,8,9-HpCDF 0.01 0.138 U 0.00138 0.460 U 0.00460
OCDF 0.0001 0.335 J 3.35E-05 2.25 U 0.000225

TEQ 0.257 2.234

Note:  J  – The amount detected is below the Lower Calibration Limit of the instrument.
Note:  U  – Not detected; value represents the sample-specific detection limit, unless noted otherwise.
Note:  TEQ – Toxicity Equivalence Concentration
Note:  WHO TEF – World Health Organization Toxicity Equivalence Factor 

a Nondetect reported to the EMPC (Estimated Maximum Possible Concentration).

CleanFeedOil.xls Clean 6/8/2006 (1:26 PM)
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Table 3.  PCDD/F concentrations in blended rat diet 

Sample ID: Soil THT02769/Diet Blend
Date: 11/16/2005

Pre-Dosing Analysis Pre- and Post-Dosing Analysis
Top (#1) Middle (#2) Bottom (#3) Mean Standard Post-Dosing Mean

WHO Concentration Concentration Concentration Concentration Deviation Analysis Concentration TEQ % of
Analyte TEF (pg/g) (pg/g) (pg/g) (pg/g) (pg/g) (%) (pg/g) (pg/g) (%) (pg/g) TEQ

2,3,7,8-TCDD 1 0.369 U 0.344 U 0.480 J 0.398 U 0.072 18% 0.311 J 0.354 J 19% 0.354 0.9%
1,2,3,7,8-PeCDD 1 0.407 U 0.384 U 0.487 U 0.426 U 0.054 13% 0.357 U a 0.392 U 14% 0.392 1.0%
1,2,3,4,7,8-HxCDD 0.1 0.593 U 0.532 U 0.640 U 0.588 U 0.054 9.2% 0.262 U a 0.425 U 33% 0.0425 0.1%
1,2,3,6,7,8-HxCDD 0.1 1.75 J 1.28 U a 1.54 J 1.52 J 0.24 15% 2.17 J 1.85 J 22% 0.185 0.5%
1,2,3,7,8,9-HxCDD 0.1 0.601 U 0.494 U 0.585 U 0.560 U 0.058 10% 0.724 J 0.642 U 16% 0.0642 0.2%
1,2,3,4,6,7,8-HpCDD 0.01 29.8 27.4 26.1 27.8 1.9 6.8% 31.7 29.7 8.7% 0.297 0.8%
OCDD 0.0001 257 220 204 227 27 12% 237 B 232 9.9% 0.0232 0.1%
2,3,7,8-TCDF 0.1 67.1 67.7 75.5 70.1 4.7 6.7% 88.4 79.3 13% 7.93 21%
1,2,3,7,8-PeCDF 0.05 46.4 48.7 54.0 49.7 3.9 7.8% 49.2 49.5 6.4% 2.48 6.4%
2,3,4,7,8-PeCDF 0.5 38.6 39.7 44.3 40.9 3.0 7.4% 43.7 42.3 6.8% 21.2 55%
1,2,3,4,7,8-HxCDF 0.1 31.3 34.3 38.8 34.8 3.8 11% 32.0 33.4 9.9% 3.34 8.7%
1,2,3,6,7,8-HxCDF 0.1 8.41 7.71 8.93 8.35 0.61 7.3% 8.02 8.19 6.4% 0.819 2.1%
2,3,4,6,7,8-HxCDF 0.1 4.17 4.25 4.19 4.20 0.042 1.0% 4.11 J 4.16 1.4% 0.416 1.1%
1,2,3,7,8,9-HxCDF 0.1 6.38 6.60 7.41 6.80 0.54 8.0% 6.48 6.64 7.0% 0.664 1.7%
1,2,3,4,6,7,8-HpCDF 0.01 33.3 32.7 32.7 32.9 0.35 1.1% 38.6 35.8 8.3% 0.358 0.9%
1,2,3,4,7,8,9-HpCDF 0.01 2.98 3.67 3.69 3.45 0.40 12% 3.20 J 3.32 10% 0.0332 0.1%
OCDF 0.0001 59.1 60.7 55.7 58.5 2.6 4.4% 68.5 63.5 8.9% 0.00635 0.02%

Note:  J  – The amount detected is below the Lower Calibration Limit of the instrument.
Note:  U  – Not detected; value represents the sample-specific detection limit, unless noted otherwise.
Note:  TEQ – Toxicity Equivalence Concentration
Note:  WHO TEF – World Health Organization Toxicity Equivalence Factor 
Note:  Highlighting indicates the five congeners in each sample that contribute most to the total TEQ.
Note:  If more than half of the results for a chemical were qualified with a U  or J , then the associated mean 

concentration was also qualified.

a Nondetect reported to the EMPC (Estimated Maximum Possible Concentration).

Coefficient of 
Variability

Coefficient 
of Variability

Dosing_followup_rats.xls Diet_data 6/8/2006 (1:32 PM)
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Table 4.  Analytical results for oil reference mixtures used in follow-up rat study

Pre-Dosing Post-Dosing Average
Target Measured Relative Measured Measured Coefficient

Concentration Concentration Percent Concentration Concentrationb of
Analyte (pg/mL) (pg/mL) Differencea (pg/mL) (pg/mL) Variabilityc

Group 3: Oil Reference 0.2X
2,3,7,8-TCDF 252 267 5.6% 268 268 0.3%
1,2,3,7,8-PeCDF 179 188 4.9% 182 185 2.3%
2,3,4,7,8-PeCDF 147 161 8.9% 171 166 4.3%
1,2,3,4,7,8-HxCDF 125 121 3.5% 123 122 1.2%
1,2,3,6,7,8-HxCDF 30.1 34.7 14% 37.2 36.0 4.9%

Group 4: Oil Reference 0.5X
2,3,7,8-TCDF 631 645 2.2% 700 673 5.8%
1,2,3,7,8-PeCDF 447 439 1.9% 465 452 4.1%
2,3,4,7,8-PeCDF 368 385 4.5% 459 422 12%
1,2,3,4,7,8-HxCDF 313 291 7.3% 322 307 7.2%
1,2,3,6,7,8-HxCDF 75.2 78.4 4.2% 100 89.2 17%

Group 5: Oil Reference 0.8X
2,3,7,8-TCDF 1,009 976 3.4% 1,070 1,023 6.5%
1,2,3,7,8-PeCDF 716 690 3.7% 724 707 3.4%
2,3,4,7,8-PeCDF 589 594 0.9% 689 642 10%
1,2,3,4,7,8-HxCDF 501 450 11% 488 469 5.7%
1,2,3,6,7,8-HxCDF 120 127 5.5% 145 136 9.4%

a The relative percent difference (RPD) between the target and pre-dosing measured concentrations is 
  calculated as the absolute value of the difference divided by the average of the target and pre-dosing 
  measured concentrations.
b Average of pre- and post-dosing measured concentrations.
c Coefficient of variability between pre- and post-dosing measured concentrations.
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Table 5.  Dose groups and test materials used in the rat follow-up study

Dose
Group Group Name Description

1 Feed control Undosed control group, fed clean feed, no gavage

2 Oil control Undosed control group, fed clean feed, gavaged with unspiked corn oil

3 Oil reference 0.2X Reference group, with corn oil spiked at 20% of calculated PCDD/F dose administered to Group 6

4 Oil reference 0.5X Reference group, with corn oil spiked at 50% of calculated PCDD/F dose administered to Group 6

5 Oil reference 0.8X Reference group, with corn oil spiked at 80% of calculated PCDD/F dose administered to Group 6

6 Soil group Tittabawassee River floodplain soil blended with diet, nominal daily dose rate X
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Table 6.  Average daily doses administered to rats

Soil (Group 6) Oil Reference 0.2X (Group 3) Oil Reference 0.5X (Group 4) Oil Reference 0.8X (Group 5)
WHO Average Daily Dose (ng/kg bw/day) Average Daily Dose (ng/kg bw/day) Average Daily Dose (ng/kg bw/day) Average Daily Dose (ng/kg bw/day)
TEF Mean SD TEQ Mean SD TEQ Mean SD TEQ Mean SD TEQ

2,3,7,8-TCDF 0.1 5.20 0.17 0.520 0.959 0.038 0.0959 2.36 0.044 0.236 3.83 0.0776 0.383
1,2,3,7,8-PeCDF 0.05 3.24 0.11 0.162 0.662 0.026 0.0331 1.59 0.030 0.0794 2.65 0.0536 0.132
2,3,4,7,8-PeCDF 0.5 2.77 0.091 1.39 0.594 0.023 0.297 1.48 0.028 0.741 2.40 0.0487 1.20
1,2,3,4,7,8-HxCDF 0.01 2.19 0.072 0.0219 0.436 0.017 0.00436 1.08 0.020 0.0108 1.76 0.0356 0.0176
1,2,3,6,7,8-HxCDF 0.01 0.537 0.018 0.00537 0.129 0.0050 0.00129 0.313 0.00588 0.00313 0.509 0.0103 0.00509

Total Mean TEQ Dose: -- -- 2.10 -- -- 0.431 -- -- 1.07 -- -- 1.74

Notes:
All dose groups used for analyses were comprised of 5 animals
WHO TEF – World Health Organization Toxicity Equivalence Factor 
SD – Standard deviation
TEQ – Toxicity Equivalence Concentration
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Table 7.  Summary of TEQ concentrations in liver and adipose tissues

TEQ Concentrations (pg/g)
Group/Tissue Average SD Statistical Analysisa

Group 1: Feed Control
Liver 0.719 b -- --
Fat 0.199 b -- --

Group 2: Oil Control
Liver 0.877 b -- --
Fat 0.210 b -- --

Group 3: Oil Reference (0.2X)
Liver 216 17 Significantly different from Group 6
Fat 21.6 1.3 Significantly different from Group 6

Group 4: Oil Reference (0.5X)
Liver 498 42 Significantly different from Group 6
Fat 45.5 3.3 Not significantly different from Group 6

Group 5: Oil Reference (0.8X)
Liver 964 68 Significantly different from Group 6
Fat 65.9 3.0 Significantly different from Group 6

Group 6: Soil
Liver 648 41 Significantly different from all other groups
Fat 49.4 2.2 Significantly different from all other groups

a Comparisons were conducted using an ANOVA followed by Dunnett's multiple comparison test at an
  overall 95 percent confidence level (overall alpha = 0.05).
b Laboratory analyses were performed on a composite sample of all five rats in group.
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Table 8.  Summary of EROD and MROD liver microsomal activity data

Liver Microsomal Activities (pmol/mg/min)
N Minimum Maximum Mean SD Conclusion

EROD
G1: Feed control 5 25.4 42.4 33.2 6.1 not significantly different from G2a

G2: Oil control 5 33.4 49.9 40.6 7.2 significantly lower than G4 and G5b

G3: Oil reference 0.2x 5 42.3 61.2 53.6 8.1 not significantly different from G2b

G4: Oil reference 0.5x 5 62.6 109.9 80.8 17.9 significantly higher than G2b

G5: Oil reference 0.8x 5 80.0 119.8 106.4 16.6 significantly higher than G2b

G6: Soil 5 82.0 142.9 110.1 24.1 significantly higher than all groups except G5 b

MROD
G1: Feed control 5 22.0 27.7 25.7 2.2 not significantly different from G2a

G2: Oil control 5 24.4 29.3 26.9 1.8 significantly lower than G5b

G3: Oil reference 0.2x 5 28.0 36.3 33.3 3.6 not significantly different from G2b

G4: Oil reference 0.5x 5 24.8 51.2 34.9 10.0 not significantly different from G2b

G5: Oil reference 0.8x 5 34.5 52.0 41.9 7.4 significantly higher than G2b

G6: Soil 5 28.7 41.2 34.5 5.5 not significantly different from anyb

Notes:  EROD – ethoxyresorufin O-deethylase
Notes:  MROD – methoxyresorufin O-deethylase
Notes:  SD – standard deviation

a Groups G1 and G2 compared using standard t-tests;  Comparisons using Wilcoxon non-parametric test provided identical 
  conclusions.
b Comparisons with groups G2 and G6 were each conducted using an ANOVA followed by Dunnett's multiple comparison 
  test at an overall 95 percent confidence level (overall alpha = 0.05)
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Table 9.  Statistical analysis of fraction of administered dose retained vs. hepatic TEQ, EROD activity, and MROD activity

Regression Coefficients
TCDF 1-PeCDF 4-PeCDF 1,2,3,4,7,8-HxCDF 1,2,3,6,7,8-HxCDF

  β p   β p   β p   β p   β p
Intercept 0.31 <0.0001 0.24 <0.0001 0.76 <0.0001 0.52 <0.0001 0.54 <0.0001

Hepatic TEQ (pg/g) -1.9E-05 NS 3.3E-05 NS 0.00023 <0.01 0.00017 <0.01 0.00022 <0.01

EROD (pmol/mg/min) -0.0011 <0.01 -0.000491 NS -0.0016 NS -0.0012 NS -0.0015 NS

MROD (pmol/mg/min) 0.00077 NS 3.3E-05 NS 0.0011 NS 0.00089 NS 0.00063 NS

p for modelb <0.0001 NS <0.05 <0.05 <0.01

Note:  NS – not significant
a Multivariate linear regression (least squares method) 
b F-test significance
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Table 10.  Relative bioavailability estimates for the follow-up rat study based on 0.5X and 0.8X reference oil groups

Fraction Retained (liver + adipose) Relative Bioavailability
Percent of Soil (Group 6) 0.5X (Group 4) 0.8X (Group 5) Using 0.5X (Group 4) Using 0.8X (Group 5)

Congener Soil TEQ Mean SD Mean SD Mean SD Mean CV Mean CV
2,3,7,8-TCDF 25.4% 0.13 0.012 0.24 0.030 0.21 0.019 54% 16% 62% 13%
1,2,3,7,8-PeCDF 6.3% 0.12 0.011 0.23 0.021 0.22 0.014 55% 13% 57% 11%
2,3,4,7,8-PeCDF 52.1% 0.48 0.037 0.77 0.080 0.86 0.021 62% 13% 56% 8.1%
1,2,3,4,7,8-HxCDF 8.5% 0.34 0.026 0.55 0.066 0.60 0.020 62% 14% 56% 8.4%
1,2,3,6,7,8-HxCDF 1.9% 0.38 0.035 0.57 0.067 0.62 0.014 67% 15% 61% 10%

TEQ-Weighted: 60% 58%

Notes:  RBA  –  relative bioavailability, calculated using Equation 1 (see text)
Notes:  SD  –  standard deviation
Notes:  CV  –  coefficient of variability  CV = ( CVsoil

2 + CVreference
2 ) 0.5
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Table 11.  TEQ-weighted relative and absolute bioavailability estimates for the pilot and follow-up studies

Mean RBAa Estimated Absolute Bioavailabilityb

Pilot Pilot
Percent of Swine Follow-Up, Rat Swine Follow-Up, Rat

Congener Soil TEQ Rat ND=1/2 DL ND=DL Using 0.5Xc Using 0.8Xd Rat ND=1/2 DL ND=DL Using 0.5Xc Using 0.8Xd

Tittabawassee River Flood Plain Soil
2,3,7,8-TCDF 25.4% 0.89 0.22 0.23 0.54 0.62 0.72 0.18 0.18 0.43 0.50
1,2,3,7,8-PeCDF 6.3% 0.58 0.30 0.34 0.55 0.57 0.46 0.24 0.27 0.44 0.45
2,3,4,7,8-PeCDF 52.1% 0.52 0.27 0.27 0.62 0.56 0.42 0.22 0.22 0.50 0.45
1,2,3,4,7,8-HxCDF 8.5% 0.57 0.35 0.35 0.62 0.56 0.46 0.28 0.28 0.49 0.45
1,2,3,6,7,8-HxCDF 1.9% 0.56 e 0.37 0.37 0.67 0.61 0.45 e 0.30 0.30 0.53 0.49

TEQ-Weighted: 0.63 0.27 0.27 0.60 0.58 0.51 0.22 0.22 0.48 0.46

a RBA estimates for soil compared to corn oil reference material based on liver plus adipose tissue measurements.
b Assuming an absolute availability from corn oil of 80%.
c Using the 0.5X dose group (Group 4) as the reference group for calculating RBA
d Using the 0.8X dose group (Group 5) as the reference group for calculating RBA
e Outlier omitted from rat RBA estimate from the pilot study; see results section of pilot study report for discussion.
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